Abstract-Various measures for quantifying the interindividual variability of the electrocardiogram (ECG) and the vectorcardiogram (VCG) in healthy subjects are presented. An analysis of factors that may cause this variability is carried out, in particular of the geometrical factors of body size, heart size, heart position and orientation. The results indicate that the variations in the magnitude of the ECG as observed through leads placed on the anterior thorax are dominated by the solid angle at which the outline of ventricular mass is seen from points on the thorax. Heart size and body size as such play only a secondary role. The limited spatial sampling of the anterior thorax directly overlaying the heart causes the mean values of all measures of amplitudes in females to be lower than in males. The VCG magnitude was found to be much less dependent on overall geometry and heart position, and, hence, also to be less dependent on gender.
I. INTRODUCTION
The interindividual variability of ECG (see, e.g., [1] ) presents a limitation on the diagnostic accuracy of the ECG. Pathology would stand out much more clearly if interindividual variability in normals were lower.
At present we are engaged in the search for methods to reduce this variability. The underlying hypothesis is that, next to interindividual differences in the electrophysiology of the heart, timing of the depolarization and repolarization, a major source of variability can be attributed to differences in the geometrical relationships involved in heart position and orientation, torso shape as well as to lead placement relative to heart position [2] , [3] , [4] . Moreover, it is assumed that the electrophysiological factors and the geometrical factors can be treated as contributing independently to the variability of the ECG. A first step has been to define a single measure for quantifying the interindividual variability as observed in multilead ECG recordings. The measure adopted, the relative variability In a model study, based the individual geometry of 25 healthy subjects, it was shown that a major part of this variability, as high as 50%, can indeed be attributed to geometrical factors. This suggests that the physiologically based component of the interindividual variability in normals is about 0.38 [4] .
Two attempts have been made so far to reduce the geometrical factor in the variability. The first attempt, by merely adapting individual lead placement to individual geometry, failed. The second attempt, in which the orientation of the heart was also involved, has been highly successful, but, unfortunately, so far only in an application to simulated ECG data. The quality of the involved inverse procedure is at present insufficient [4] .
In this paper we present some further details on the variability observed in the group of 25 healthy subjects, of the ECG as well as of various geometrical factors, and discuss some of the findings in the light of general aspects of the effect of scaling. Moreover, the analysis is extended by including the VCG, as well as by discussing the factors gender and age.
The analysis of the time signals is restricted to the QRS interval.
II. MATERIALS
Twenty-five healthy subjects were studied using Body Surface Mapping (BSM) and magnetic resonance (MR) imaging, using a Siemens 1.5 Tesla Magnetom SP. The subjects (15 males and 10 females) ranged in age between 24 and 65. All subjects underwent a brief examination beforehand, including the measurement of blood pressure, analysis of the standard electrocardiogram, echocardiography and anamnesis, on the basis of which no sign of cardiac disorder was found.
A. Recorded potentials
The BSMs were recorded using the Amsterdam lead system, having 64 electrodes [5] . The sampling frequency was 1000 Hz. Baseline correction was carried out by shift-ing each electrocardiogram such that its value during the PQ interval was zero, after which the data were shifted to a zero-mean potential reference.
The BSM signals of all subjects were time-aligned by first taking the BSM signals of one of the subject as a reference set. From this set, the time interval of 100 ms centered around peak QRS in standard lead V 2 was selected. Subsequently, for each of the other subjects, the entire data set was shifted in time until a minimal difference with the BSM signals of the reference set was achieved. The BSM signals in the 100 ms interval around peak QRS were used in the subsequent analysis. During this part of the heart cycle the heart is in end-diastole, in which state the MR images were also taken. Geometry changes of the heart are minimal during this period.
The complete set of potentials recorded in any individual is represented by a matrix Φ Φ Φ Φ, of dimension 64 100, the columns of which represent the instantaneous body surface potentials at all 100 subsequent time instances, whereas the rows represent the traditional time tracings of the 64 leads. We call this matrix a body surface potential movie, the sequence of columns representing the subsequent frames of the movie.
The distance between the location on the thorax where standard lead ¥ 2 was placed, aimed to be the fourth intercostal space, and the supra-sternal notch was documented.
B. Recorded Geometry
The MRI data consisted of 32 axial, T1-weighted, non-ECG -triggered and non-breath-hold spin-echo images of the body, as well as 10 to 14 short axis T1-weighted turboflash images of the heart, taken using ECG triggering at end-diastole and breath-hold. The contours of the torso, lungs, ventricular mass, as well as of the ventricular cavities, were identified in the MR images.
The orientation of the heart was documented by identifying four landmarks [6] . These are L1: the top of a hemisphere fitted on top of the base of the heart, L2: the apex, L3: the position where the left descendent coronary artery (LAD) crosses the base of the heart and L4: the position where the right circumflex (RCX) coronary artery crosses the base of the heart. Landmarks L1 and L2 were used to specify the long axis direction of the heart. Landmarks L3 and L4 can be accurately identified in MR images and the vector pointing from L4 to L3 was taken to represent the heart's short axis. The orientation of this axis signals any rotational variability around the long axis. The actual longaxis direction used was that of the vector pointing from the middle of L3 and L4 towards L2.
The position of the supra-sternal notch could be identified easily in the MR images. This landmark, together with the measured distances between this reference point and the location of lead V 2 during the potential recordings, was used to establish the location of the electrodes on the triangulated torso surface.
C. Constitutional factors
In addition to the detailed geometry as specified in the previous subsection, the factors: gender, weight, length and age of the subjects were documented. These factors are denoted as F0, F1, F2 and F20, respectively. Label numbers correspond to their ordering as used in Table I .
III. METHODS

A. Measures for the Interindividual Variability
There is no commonly used measure to express the interindividual variability of BSMs. Measures used for comparing two individuals, such as correlation coefficient and relative difference cannot be used for this purpose in a straightforward manner. We use a variability measure derived from the variance (standard deviation squared) in the ECG signals of several subjects. Because any scaling effects should not come to expression in the measure, the measure is normalized by the overall power of the observed data. It is computed by first determining the variance of the ECG signal over all subjects for each lead and each time instant. These variances are subsequently added over all leads and all time instances. The resulting variance is divided by the power in all BSMs pooled together, after which the square root is taken. Accordingly
where
is the interindividual relative variability, Φ Φ Φ Φ is the mean value over all subjects, © is the index to any of the (25) subjects studied, and
F denotes the square root of the sum of squares of all matrix elements (the Frobenius norm of the matrix).
Note that (1) expresses the variability of an entire signal matrix. In this paper it is applied to recorded 64-lead ECG data as well as to 3-signal data derived from these potentials (VCG or equivalent dipole).
B. Derived VCG
The lead system used includes the locations of the Frank lead system [7] . The ECG data recorded at these positions were used to derive the VCG of the individual subjects studied by means of the transfer matrix (Eqn. 2 of Frank's paper [7] ). The VCGs of the subjects
C. Triangulation of the recorded geometry
Based on the measured MRI data triangulated representations were made of all surfaces mentioned in Sect. II-B. These surfaces are generally used for computing the volume conduction aspects of the ECG. In this paper they are included to assess their effect on the overall magnitude of the potentials.
By using this triangulation, surface areas and/or volumes of the various compartments were computed. In addition the solid angles of the contours of the ventricular mass as seen from points on the thorax were computed. The following factors related to geometry were derived: F3: volume of the thorax; F4: surface area of the thorax; F5: volume of the left lung; F6: volume of the right lung; F7: volume of the ventricular mass; F8: volume of the left ventricular cavity (full diastole); F9: volume of the right ventricular cavity; F18: the maximum value of the solid angle of the contour of ventricular mass as seen by any point on the thorax; F19: maximum value of the solid angle of the contour of ventricular mass as seen from any of the electrode locations; F10: smallest distance between any point on the thorax and any point on the ventricular surface (closest distance between heart and thorax).
D. Equivalent dipole
For all subjects, the individual position of a stationary equivalent current dipole was computed from the observed body surface potentials and the measured geometry of the thorax, as well as the time course of the strength of the dipole components throughout the QRS interval. The method used is the least squares procedure, described in [8] , assuming a homogeneous torso. The latter assumption allows a direct comparison of the matrix of resulting dipole strengths, denoted by
¢ ¡ ¤ £ £
, with the corresponding Frank data ¥ £
. The assumed overall electric conductivity of the thorax was 0.2 S.m¥ 1 .
E. Measures of magnitude
In the subsequent analysis the following measures of overall magnitude are used, extracted from the recorded potentials: F14)
¥ § ¦¨ ©
: the highest positive reading anywhere in the movie; F15)
¥ ¥¨ ©
: the highest negative reading anywhere in the movie; F16) ¥ 2 ¨ © : the highest peak to peak value in any of the time tracings; F17) RMS: the root mean square value computed over all time instants and all leads; F12) the highest value of the spatial magnitude of the equivalent dipole DIP; F13) the highest value of the spatial magnitude of the VCG.
F. QRS duration
The QRS duration as derived from the time course of the spatial magnitude of the vector. The time interval between the moments at which this curve passed the 5% threshold relative to its maximum value were taken as the QRS interval, labeled as F11.
G. Statistical methods
The limited number of subjects included in this study demands a severe restriction on the number of factors to be considered simultaneously in the subsequent analysis. The tests used include: the -value from the Student's t-test (two group (gender) comparisons) and the linear correlation coefficient between any pair of the factors studied. For =25, ! for a two sided test at the 95% confidence level is 2.06.
The directional factors are specified through the azimuth and the elevation of the vectors involved. The azimuth was taken to be the angle between the projection of the vector on the horizontal plane, and an axis pointing to the left part of the thorax, its sign was defined as positive for vectors pointing towards the back. The elevation was taken as the angle between the vector and the horizontal plane, its sign defined as positive for vectors pointing towards the head. The statistics of these factors were specified by computing the preferential direction and the spatial precision (see Sect A1.9.3 of [9] ). For the latter statistic, a value of 1 corresponds to a perfect clustering at the value of the preferential direction, a value of 0 corresponds to the directions from the origin toward points scattered all over a sphere. For a spatial precision value close to 1 its inverse cosine is proportional to the geometric mean of the standard deviation of the azimuth and the elevation values. In Table IV this angle, a measure for the dispersion around the preferential direction, is shown next to the spatial precision.
IV. RESULTS
A. Overall Statistics
An overview of the basic statistics of the factors considered is presented in Tab. I. Separate entries are shown for the entire group (N=25), for the females (N=10) and for the males (N=15). Standard deviations for the gender-specific data are not shown. Instead, the ratios of the genderspecific means are shown, as well as the -value for group comparisons based on gender. The (limited) precision with which the results are specified is tuned to the limited accuracy of the values, which results from the small number of subjects involved. 
¢ ¡ ¤ £ ¦ ¥ § © values
The expression for the relative variability (Eqn. 1), has been applied to the 64-lead ECG data as well as to the 3-signal (dipole) data ¥ and ¡ £
. The results are listed in Tab. II. Separate entries are shown for the entire group (N=25), for the females (N=10) and for the males (N=15). In addition, results are listed that were found by first normalizing the individual movies. Note that in this case the denominator of (1) loses its significance.
C. Lead Placement
The projection of the heart onto the frontal plane was marked. The plane transverse (horizontal) plane running half way between the contour was taken to represent the level of the anatomical center of the heart. The distances 1 between this level and the level at which lead V 2 had been placed were documented. Their statistics are included in Table III . Note that the range of 1 is even larger than that of 2 . 
D. Directional Data
The basic statistics of directional data are presented in Tab. IV. In addition the statistics of are shown, being the angle between the the long axis and the vector of maximal spatial VCG magnitude.
E. Equivalent Dipole
The positions established for the stationary equivalent dipoles were mainly in the septal region. As shown in Table III, the positions were below the center of the heart defined in Sect. IV-C. Note the wide range that was found. The accompanying RMS-based relative residual differences between recorded and dipole based potentials showed a mean value of 0.248 and a range of 0.149-0.428.
V. ANALYSIS
Over the years, the interindividual variability of the ECG and the VCG, has been studied by several groups [10] , [11] , [12] , [13] , [14] . These studies were based on observations made on large numbers of subjects. Impressive lists of (ranges of) normal values on just about any parameter used in the world of ECG and VCG can be found in the part III of the momentous series "Comprehensive Electrocardiology", edited by P.W. Macfarlane and T.D. Veitch Lawrie [15] .
In fact so many details are included that one may easily lose sight of the wood for the trees. This paper, which is based on just 25 subjects for which electric data as well as a unique set of matching geometry data was available, aims at presenting an overall view on some of the basic aspects of ECG variability in normals. The analysis builds on the major previous papers on this topic, the present material, as well as on some experience gathered over the years in our group on the topics of forward and inverse modeling of the ECG.
A. Table II indicate that the overall variability of the normal ECG and VCG data is quite considerable. Clear gender based differences were found. This fact has been noticed before in the literature (e.g., [14] ). As stated in the introduction, a major part of this variability arises from geometrical factors, and we are searching to reduce this contribution.
As is also clear from Table II , for the VCG ¡ ¤ £ ¦ ¥ § © has a smaller value than for the ECG. This is a result of the fact that at most 3 independent signals are present in the VCG, whereas the ECG may contain more independent components (at most 8 in the standard-12 lead ECG; about 11 in the 64-lead BSPM data; see [16] ), each contributing to the overall variability. Table II indicates that a part of the variability disappears after normalizing the individual movies (matrixes). This then brings us to the major topic of the present paper: what determines the overall size of the ECG and of the VCG and how does this relate to body size, gender and age?
B. Magnitude
In Sect. III-E the measures of magnitude used are described. In Table I these are listed as "factors" 12-17. As can be seen, even these crude indicators of magnitude exhibit a large variation.
B.1 Gender
Five out of these six measures of magnitude show clear gender differences, the maximum spatial magnitude of the VCG being the odd one out. Is this significant, what causes these differences anyway? Is the female cardiac electric generator intrinsically less "powerful" than the male version?
B.2 Size
A simple answer to the question posed above is an affirmative: males generally are taller, have larger hearts and hence, have more a more powerful cardiac generator. However, both mice and elephants have ECG values on their body surface of about 1 mV of magnitude, yet their size is "somewhat" different. 
C. Scaling
The riddle posed by the mouse and the elephant led us to consider the well-known equivalent generator of the cardiac generator during ventricular depolarization: the double layer. This generator seems to have all the properties for the present discussion. The potentials that it generates at distant points are inversely proportional to the square of the distance between source and field points. These potentials are also proportional to the surface area £ of the depolarized tissue. More precisely, it is the solid angle Ω subtended by the wave front at the observation point that is a main determinant for the electric potential [17] . By scaling a subject by a linear factor , a procedure practiced with great enthusiasm in the domain of allometry (see, e.g. [18] ), we see that both £ and 2 are proportional to 2 and as a consequence Ω is invariant to scaling. From the mouse and the elephant we, hence, learn that the double layer strength of ventricular depolarization must be invariant to scaling.
D. Solving the Riddle
The remaining part of this paper is aimed at explaining the observed gender-related differences in the magnitude measures, and, in passing, to relate several of the observations to the general problem of magnitude and scaling. We will use Table V to see if any of the proposed ideas might be contradicted by the observations made in this study. The format in which these correlations are presented is somewhat similar to the one shown in [19] .
The partitioning shown for the rows follows the nature of the factors: F1-F10 all relate to size, F11 relates to time, F12-F17 relate to electric data, and F20 is age. The partitioning of the columns follows the dependency of the factors on scaling. Factors F1-F10 as well as F11 and F12 depend, as will be argued, on scaling. Factors F13-F19 are independent of scaling.
D.1 The VCG
For the ideal VCG lead system, any difference in heart position would not have any effect on the observed vector. By assuming the female cardiac generator to be identical to the male variant, the maximal spatial magnitude of the VCG-vector should be expected to be independent of gender, Indeed, as shown in Table I the magnitude of the VCG-vector was found to be independent of gender. In some of the literature, based on a greater number of subjects, minor magnitude differences are suggested. These small differences can be easily explained of the basis that, in women, the contribution of potentials as seen by left precordial electrode C of the Frank system, contributing to the vector components in the horizontal plane, are smaller in women, related to anatomical differences that yield greater distances between the heart and electrodes.
Perhaps less well known is the fact that the VCG is also independent on scaling. The basis for this statement is directly linked to the observation on the mouse and the elephant. The Frank leads perform a fixed linear weighting of potentials on the body surface. With the potentials on the body surface being invariant to scaling, so is the outcome of the weighting procedure. In spite of this some of the correlation coefficients shown on row 13 demonstrated values for which £ 5% for some of the size-linked factors. We attribute this at this stage, awaiting further analysis, to imperfections in the lead placement (see Table III ).
D.2 The Equivalent Dipole
The results on the equivalent dipole seem to contradict the above theory. However, the contrary holds true and it is for this reason that the equivalent dipole data are included in this paper. The equivalent dipole is easily confused with Frank's VCG. Its nature is that of a true current dipole, having a dimension of current distance, expressed in units, say, mA.cm. Following the Gabor-Nelson equations ( [20] ) the equivalent current dipole can be computed from the full body surface potential distribution as
with ¡ the conductivity of the medium (assumed to be homogeneous), the potential distribution on the thorax, and ¥ £ the (directed) surface elements of the thorax. If we now apply the idea of the invariance of the potential to scaling we see that the magnitude of the equivalent dipole is proportional to the surface area of the thorax. As seen from Table I (F14), the highest positive reading anywhere in the movie can be expected to be in the area of V 4 . The dominant single factor in this situation was found to be heart size (F6), with ¡ 0 58. This corresponds to the fact that any dependency on the solid angle subtended by the heart as seen from any of the electrodes (F19), for which ¡ 0 41, is dominated by gender-related differences at this part of the thorax. After harmonizing the potential readings for gender, the solid angle based factor again clearly dominated ( ¡ 0 64). D.5 Maximum peak-to-peak value F16, the highest peak to peak value in any of the time tracings, showed a dependency similar to that reported on for F14. There was, as also shown in Table I , a clear dependency on gender. However, after harmonizing the magnitude values such that equal means for both sexes resulted the maximum solid angles dominated and the results were independent of heart size per se.
D.6 RMS
The behaviour of the root mean square value computed over all time instants and all leads (F12) showed a similar behaviour as F16.
E. Gender
All of the gender-based differences in the ECG measures of magnitude can be explained by gender-related geometric differences. For the RMS values, a reduced value over a part of the thorax (left precordium) having large potential values, cannot but lead to smaller RMS values in females. Moreover, female hearts being smaller, the fixed vertical spacing of the electrodes (3.8 cm), again will result in smaller values in females because of a relatively cruder spatial sampling. The latter also affects the minimum negativity observed (F15). For the maximum potential (V14) it is the greater distance to the heart that counts, showing indeed a higher gender-based ratio in Table I .
F. Directional results
The directional data shown in Table IV are in agreement with literature data [1] in so far these are available.
A large mean value of was observed, mainly involving the azimuth. The individual shifts were of a nonsystematic nature. Slight gender-based differences were observed, consistent with ideas found in the literature. Interestingly, the slightly more anterior direction of the longaxis found in females together with the gender independent value of the mean shift is consistent with ¥ © pointing more to the left in females. This leads to smaller potentials on the frontal part of the thorax. The gender-based differences in the short-axes direction were even larger, but again, significance remains to be demonstrated.
G. Duration QRS
Slight but significant gender-based differences in QRS duration were observed (see row 11 of Table V) ( =0.51). However, the largest correlation ( =0.55) was found between QRS duration and length. The latter seems to be the direct factor involved (linked to heart size), gender being an indirect factor. This is in agreement with the general theory of scaling which states that any time interval scales like .
H. Age
The number of cases included in this study is too small to draw any firm conclusions. Yet all of the entries shown in the bottom row of Table V are consistent with the fact that, with advancing age, at least in the range included here, people tend to become more obese. The distance between heart and electrodes increases, the solid angles decrease, and as a result the potentials decrease. Moreover, a slight angular shift of the long axis (azimuth only) was observed. All these factors are quite sufficient to account for the decrease of the magnitudes with age that have previously been reported on in the literature.
I. Body Indexes
Several of the body indexes found for expressing individual obesity were tried in the present study. None of these were found to reduce the residual variance any further beyond that already achieved by incorporating the solid angle only.
When studying the behaviour of these different indexes it was found that over the range of weights of 50 kg to 100 kg and for lengths from 150 to 200 cm all of these indexes are in fact equivalent, only differing by a factor (the slope of the curve). If we take for example Rohrer's index m.l¥ 3 , or the ponderal index m 1 3 .l¥ 1 , when used consistently, the results for the present application are identical. The use of such indexes should be restricted to those that are invariant to scaling. Because of this, the use of the Quetelet index m.l¥ 2 should be avoided on theoretical grounds. In practice though, it does not make much difference.
J. The other factors
The analysis of the other factors listed in Table I did not result in any significant reduction of the variance of the measures of magnitude.
VI. CONCLUSION
This paper has demonstrated that a coherent view on the cause of apparent gender and size related differences in overall magnitude of cardiographic signals as observed on the thorax can be derived from considerations of geometry only.
The implications for VCG are: the spatial magnitudes are scale and gender independent. The small gender-based differences found are caused by the maximal spatial vector being directed slightly more in parallel to the frontal part of the thorax in females, as well as to the fact of Frank's lead C being more remote from the heart in females. The ideal vector lead system would also be independent of the actual heart position.
For the ECG the implications are that overall differences in size (scaling) are unimportant: potential is invariant to scaling. QRS duration scales linearly with , with heart and body mass both scaling as 3 . Based on the solid angle approach, gender-related differences should come to expression mainly in the anterior leads, and much less in the extremity leads. This can in fact be clearly observed in the Tables A19-A20 shown in [1] .
The large differences between the objective lead placement and the actual placement with respect to the heart (see Table III ), suggest that a method needs to be developed for placing the anterior electrodes in manner that is tuned to the actual heart position rather than to some intercostal space.
